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Temporal Control of Differentiation
by the Insulin Receptor/Tor Pathway in Drosophila
tightly linked to when they are born. Later-born neurons
acquire fates different from those of earlier-born neu-
rons and migrate past earlier-born neurons before differ-
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entiating, forming layers of cells arranged by birthdates.London, WC2A 3PX
However, the molecular mechanisms underlying thisEngland
temporal specification of neuronal identity are unknown.
Changes in developmental potential have been linked to
progression through the cell cycle in both the vertebrateSummary
brain and the Drosophila CNS (Isshiki et al., 2001).
Specification of cell fates has been particularly wellMulticellular organisms must integrate growth and dif-
studied in the Drosophila retina. Unlike the CNS,ferentiation precisely to pattern complex tissues. De-
changes in the potential of precursor cells in the eyespite great progress in understanding how different
are not linked to the cell cycle (de Nooij and Hariharan,cell fates are induced, it is poorly understood how
1995); thus, the classical neural stem cell model doesdifferentiation decisions are temporally regulated. In
not apply. Instead, an extensive proliferative phase gen-a screen for patterning mutants, we isolated alleles of
erates a large pool of undifferentiated cells during larvaltsc1, a component of the insulin receptor (InR) growth
stages (reviewed in Wolff and Ready [1993]); the cellscontrol pathway. We find that loss of tsc1 disrupts
are then specified sequentially through reiterative usepatterning due to a loss of temporal control of differen-
of the Notch and epidermal growth factor (EGF) recep-tiation. tsc1 controls the timing of differentiation
tor pathways.downstream or in parallel to the RAS/MAPK pathway.
The Drosophila eye is composed of 800 identical pho-Examination of InR, PI3K, PTEN, Tor, Rheb, and S6
toreceptor (PR) clusters called ommatidia, whose repeti-kinase mutants demonstrates that increased InR sig-
tive nature and progressive development have allowednaling leads to precocious differentiation while de-
detailed analysis of spatial aspects of differentiationcreased signaling leads to delays in differentiation.
(Wolff and Ready, 1993). Each ommatidium containsImportantly, cell fates are unchanged, but tissue orga-
eight PRs (R1–R8; Figure 1F), which are organized in anization is lost upon loss of developmental timing con-
stereotypical pattern. Ommatidial differentiation beginstrols. These data suggest that intricate developmental
in the larval eye imaginal disc when an indentation,decisions are coordinated with nutritional status and
known as the morphogenetic furrow (MF), sweeps for-tissue growth by the InR signaling pathway.
ward into the undifferentiated epithelium, leaving in its
wake columns of developing PRs. The speed of furrowIntroduction
movement is such that there is a two-hour delay in differ-
entiation between succeeding columns. In addition, om-The spatial regulation of differentiation during develop-
matidia in the middle of a column differentiate beforement has been extensively studied, but relatively little
their more peripheral neighbors, with an approximatelyis known about the temporal controls on cell fate. Ge-
30-min delay between adjacent rows. This temporal sep-netic and molecular studies have shown that a limited
aration makes the eye particularly well suited for study-number of signaling molecules are used reiteratively to
ing temporal controls during differentiation.specify different cell fates during development. Given
In the course of a large-scale genetic screen for genesthat the same signal initiates differentiation of multiple
that control patterning in the Drosophila eye, we ob-
cell fates, cells must continually undergo changes in
tained mutations in tuberous sclerosis complex 1
their developmental potential and maintain some tem-
(TSC1). Our analysis revealed that the patterning defects
poral memory of their history. Determining the molecular were due to precocious differentiation of photorecep-
nature of such a “clock” remains a major challenge. tors upon loss of tsc1. TSC1 has been implicated in
Temporal control mechanisms have been shown to both the insulin receptor (InR) and Tor signaling path-
exist in both plants and animals (Poethig, 2003; Thum- ways. The InR and Tor signaling pathways control cell
mel, 2001). The best-characterized examples of devel- and organ size in both vertebrates and invertebrates
opmental timing mechanisms derive from studies of (reviewed in Leevers and Hafen [2004]). Components of
heterochronic mutations in C. elegans. Heterochronic these pathways are highly conserved and include the
mutations cause temporally inappropriate adoption of oncogenes PI3K and AKT and the tumor suppressors
cell fate. Genetic screens in C. elegans have isolated a PTEN, TSC1, and TSC2 (Figure 1G). Terminal effectors
number of micro-RNAs and nuclear factors which cause of the growth control pathway such as 4EBP and S6
such loss of temporal control (Pasquinelli and Ruvkun, kinase modulate cell size by regulating translation. One
2002). Studies of cell fate acquisition in the vertebrate hallmark of InR/Tor signaling is that mutations in these
brain, based primarily on transplantation experiments, pathways do not alter cell fate. This observation has led
have also suggested that there is temporal control of to the conclusion that cell size and differentiation are
cell fate decisions (McConnell, 1992). These studies regulated by distinct pathways that function indepen-
demonstrated that the laminar identity of neurons is dently.
We show here that the activity of the InR/Tor pathway
is a critical control element for the timing of neuronal*Correspondence: helen.mcneill@cancer.org.uk
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Figure 1. Mutations in TSC1 Result in De-
fects in Cell Adhesion and PCP Overrotations
(A) Eyes containing wild-type clones, marked
by the absence of pigment granules, have
irregular edges due to cell mixing. In contrast,
clones homozygous for tsc1L115R (B and C)
have smooth edges.
(D) Adult wild-type eye sections and diagram
of polarity (D). Dorsal (red) and ventral (blue)
ommatidia with opposite chirality lie on either
side of the equator in wild-type.
(E) tsc1L115R clones (marked by the loss of pig-
ment) have misrotated ommatidia, schema-
tized in (E).
(F) Diagram of the timing of acquisition of
normal fate markers during ommatidial differ-
entiation and PCP rotations. Boss and Sense-
less (blue) are expressed in the R8 cell shortly
after the MF. Several rows later, Bar (red) be-
comes expressed in R1 and R6, and Prospero
(green) becomes expressed in R7. Prospero
expression in the cone cells is omitted for
simplicity.
(G) Diagram of the InR/Tor pathway. Growth
inhibitors are shown in red; positive effectors
are shown in green. TSC reflects a complex
of TSC1 and TSC2. Both the InR and Tor path-
ways have been shown to genetically interact
with TSC. Myc also regulates growth, but is
thought not to interact with the InR pathway.
differentiation. Overactivating the InR/Tor pathway, by opposite directions, resulting in mirror image dorsal-
ventral PCP in the adult eye (Figures 1D and 1F). Analysisloss of the repressor elements TSC1 or PTEN, leads to
the precocious acquisition of cell fate markers. Consis- of eye sections from one complementation group that
formed smooth-edged clones (Figures 1B and 1C) re-tent with this finding, premature neuronal differentiation
is also evident in clones of cells overexpressing positive vealed that mutant ommatidia are often overrotated
(compare Figure 1D to Figure 1E). Meiotic mapping lo-elements of the pathway, such as PI3K. Conversely, loss
of InR/Tor signaling by loss of the InR itself, PI3K, Rheb, cated these mutants to 95E on the third chromosome.
Complementation analysis determined that these mu-Tor, or S6 kinase leads to a considerable delay in differ-
entiation, as assessed by a variety of cell-fate markers. tants are novel alleles of tsc1, and sequence analysis
of one of these alleles revealed a single missense muta-We find that the InR/Tor pathway acts downstream or in
parallel to the Ras/MAPK pathway to promote neuronal tion in amino acid 115, generating tsc1L115R.
TSC1 encodes a large protein, with several coiled-differentiation. Together, these studies demonstrate
that InR/Tor signaling has a previously unsuspected role coil domains, that has been shown to regulate cell adhe-
sion in mammalian tissue culture cells (Lamb et al.,in the temporal control of differentiation.
2000). Mutations in TSC1 in humans result in tuberous
sclerosis, a disease characterized by many benign tu-Results
mors (Gomez et al., 1999). TSC1 forms a complex with
TSC2 to negatively regulate cell size (Gao and Pan, 2001;Mutations in TSC1 Lead to Planar Polarity
Potter et al., 2001; Tapon et al., 2001) and acts in insulinOverrotation Defects
and Tor signaling (Figure 1G). As expected for tsc1 mu-We conducted a large-scale genetic screen for novel
tants, cells homozygous for tsc1L115R are larger than wild-regulators of cell adhesion and planar cell polarity (PCP)
type neighbors (Figures 1B, 1C, and 1E). Analysis ofin the Drosophila eye (Fanto et al., 2003). FRT-mediated
adult eyes containing tsc1 clones shows that althoughmitotic recombination (Xu and Rubin, 1993) was used
the ommatidia often overrotate, generally all eight pho-to generate clones of mutant cells; the clones were
toreceptors are present and form characteristic trape-marked by loss of a pigmentation marker. Alterations in
zoidal ommatidia (Figure 1E; see also Tapon et al., 2001).cell adhesion were detected by changes in the ability of
Thus, cell specification appears normal in clones of tsc1mutant cells to interact with surrounding heterozygous
mutant cells, but tissue organization is disrupted.tissue. Cells with altered affinities minimize their con-
tacts with surrounding cells, generating clones with
smooth borders (Morata and Lawrence, 1975; reviewed Loss of tsc1 Leads to Precocious Expression
of Neuronal Markers in Photoreceptors R1–R7in McNeill [2000]). PCP defects were then determined
by examining adult eye sections. Wild-type ommatidia To determine the origin of the PCP defects, we analyzed
clones of tsc1 mutant cells in the larval eye imaginal discnormally undergo a tightly controlled 90 rotation during
the course of differentiation (Figure 1F). Ommatidia in as differentiation occurs. Expression of Elav, a nuclear
marker of neuronal cell fate, begins immediately afterthe dorsal and ventral halves of the eye disc rotate in
Insulin Signaling Controls Developmental Timing
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Figure 2. Loss of TSC1 Causes Precocious
Differentiation in the Eye Imaginal Disc in Par-
allel or Downstream of EGFR/MAPK Sig-
naling
(A) An eye disc from a wild-type third-instar
larva stained for Elav (blue) and Bar (red).
Note that differentiation has progressed fur-
thest closest to the equator (bottom) and tails
away toward the dorsal pole (top) and that
the majority of ommatidial preclusters have
correctly rotated 45. The normal expression
front is marked by a white dotted line in (A),
(B), (C), (D), and (F).
(B and B) Precocious Bar expression in
tsc1L115R clones. Bar staining in R1/6 (red) is
seen 2–3 rows ahead of the normal Bar differ-
entiation front in tsc1L115R clones (marked by
loss of GFP in [B]).
(C and C) Prospero is expressed in R7 (arrow)
and cone cells (arrowheads) in tsc1L115R clones
1–2 rows ahead of adjacent wild-type cells.
(E) tsc1L115R clones have larger ommatidial
preclusters, seen by Elav staining (blue), than
does wild-type tissue and protrude slightly
ahead of the differentiation front (E, arrows).
(D and F) R8 differentiation is unaffected by
loss of TSC1 as assessed by expression of
either Senseless (D and D, red) or Boss (F
and F, red).
(G and H) Activated MAPK (diphospo-ERK,
[G and G]) and Yan (H and H) levels are
unaltered in tsc1L115R and tsc1Q87X clones, re-
spectively. In all panels, loss of TSC1 is
marked by the absence of GFP expression
(green). Anterior is to the left in all panels.
the morphogenetic furrow (MF). Elav staining confirms two to three rows ahead of adjacent wild-type preclus-
ters (Figures 2B and 2B); this is not a physical effectthat cells within tsc1/ clones are larger than adjacent
wild-type cells (Figures 2E and 2E). In addition, tsc1/ due to the large size of tsc1 clones, as this is seen even
in small clones (Figure 2B, arrow). Therefore, photore-cells spanning the anterior edge of the Elav-marked
differentiation front protrude slightly ahead of adjacent ceptors R1 and R6 differentiate prematurely upon loss
of tsc1.wild-type cells (Figure 2E, arrows; see also Gao and
Pan, 2001), suggesting that mutant cells are differentiat- Precocious differentiation upon loss of TSC1 was also
observed with the transcription factor Prospero (Figuresing precociously.
Precocious differentiation of tsc1 cells is much more 2C and 2C), which stains both R7 and nonneuronal
cone cells (Xu et al., 2000). In wild-type discs, Prosperoobvious when expression of later cell type-specific
markers is examined. Cells posterior to the furrow differ- only becomes strongly expressed by row five. In con-
trast, tsc1 clones display strong Prospero expressionentiate in a stereotypical pattern (Figure 1F; Wolff and
Ready, 1993). Differentiation begins with R8, after which in R7 and cone cells several rows before wild-type om-
matidia (Figure 2C). We conclude that loss of TSC1R2/R5 and then R3/R4 differentiate. Subsequently, R1/
R6 and finally R7 are recruited into ommatidia and differ- leads to precocious differentiation of PR 1,6, and 7 and
non-neuronal cone cells.entiate (Figure 1F). In wild-type cells, expression of the
transcription factor Bar is restricted to R1/R6 and does Importantly, loss of TSC1 does not lead to expression
of Bar or Prospero in cells that would not normally ex-not become strongly expressed until six rows after the
MF (Figures 1F and 2A; Higashijima et al., 1992). Strik- press them—only to an acceleration of the normal differ-
entiation program. This conclusion is supported by theingly, within tsc1 clones, Bar-expressing cells are seen
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observation that ectopic differentiation does not occur accelerates photoreceptor differentiation either down-
stream or in parallel to activation of MAPK.in tsc1 clones anterior to the furrow (Figure 2E), indicat-
ing that loss of TSC1 does not induce differentiation Activation of MAPK induces photoreceptor differenti-
ation primarily through phosphorylation of two nuclearon its own but only potentiates normal differentiation
signals. The fact that a normal complement of PR types transcription factors: Pointed and Yan. Yan is an inhibi-
tor of photoreceptor differentiation and is expressed inis seen in tsc1 clones in adult eye sections (Figure 1E)
is also consistent with the conclusion that PRs are undifferentiated cells after the morphogenetic furrow
(Lai and Rubin, 1992). Activated MAPK phosphorylatesadopting the correct fate but are differentiating prema-
turely. Yan, leading to its inactivation and degradation (O’Neill
et al., 1994; Rebay and Rubin, 1995). tsc1/ clones showExpression of Bar in R1/R6 allows detailed analysis
of rotation and hence development of PCP. Analysis of no alteration in levels or distribution of Yan (Figure 2H),
confirming that there is no change in the activity of therotation using Bar staining indicated that ommatidial
preclusters in tsc1 clones initiate ommatidial rotation RAS/MAPK pathway and that tsc1 functions in control-
ling photoreceptor specification downstream or in paral-precociously (Figure 2B and data not shown), leading to
adult overrotation defects (Figure 1E). These rotational lel to this pathway.
Downstream of the RAS/MAPK pathway there are adefects will disrupt normal visual processing. Thus, al-
though tsc1 mutant cells adopt normal cell fates, loss number of transcription factors which are necessary for
the proper expression of cell-fate markers such as Barof developmental timing results in defects in adult struc-
tures. and Prospero (Daga et al., 1996; Xu et al., 2000). We
examined the expression of Lozenge, Tramtrack, Jun
(Supplemental Figure S1 at http://www.cell.com/cgi/
R8 Specification Is Normal in tsc1 Clones content/full/119/1/87/DC1/), and the activation of the
Ommatidial differentiation occurs through two distinct Jun kinase pathway via puckered lacZ (Supplemental
signaling pathways (reviewed in Voas and Rebay [2004]). Figure S1 on the Cell website) and could detect no alter-
Initially, Hedgehog (Hh) and Decapentapalegic (Dpp) se- ations in levels or distribution of these transcription fac-
creted from differentiating cells in the MF lead to selec- tors in tsc1 mutant clones. The fact that the abundance
tion of the R8 photoreceptor. Once the R8 photoreceptor of many of these factors is altered upon activation of
is specified in the MF it begins to secrete the EGFR the MAPK pathway (Behan et al., 2002; Bohmann et al.,
ligand Spitz. Secreted Spitz diffuses to adjacent cells, 1994; Kockel et al., 1997; Tang et al., 1997) strengthens
activating the EGFR on those cells and promoting their our conclusion that loss of TSC1 promotes photorecep-
differentiation through the RAS/MAPK pathway. To de- tor differentiation downstream or in parallel to known
termine if R8 specification was affected by loss of TSC1, elements of the MAPK photoreceptor differentiation
we stained tsc1/ clones with antibodies to the tran- pathway in the eye.
scription factor Senseless (Figures 2D and 2D), whose
expression begins within the MF and resolves to R8
Both the InR and Tor Pathways Regulate(Nolo et al., 2000). No difference in intensity, timing,
the Timing of Photoreceptor Differentiationor distribution of Senseless could be detected in tsc1
TSC1 has been implicated in both InR and Tor growthmutant cells, indicating that R8 selection is unaltered.
control pathways. To determine if loss of tsc1 acceler-In addition, Boss, which is expressed in R8 (Cagan et
ated photoreceptor differentiation via these conservedal., 1992) shortly after Senseless, fails to reveal any alter-
growth control pathways, we examined the conse-ations in timing (Figures 2F and 2F), confirming that the
quences of loss of the InR and Tor signaling on neuronalR8 photoreceptor is insensitive to loss of TSC1.
differentiation. PTEN acts downstream of InR and is anR8 specification is apparently normal in tsc1 mutant
inhibitor of InR signaling (Leevers and Hafen, 2004). Weclones, but later photoreceptors differentiate prema-
found that adult sections of pten1 eye clones displayturely, suggesting that either the R8 cell is secreting
misrotation defects similar to those seen in tsc1 (Figuresexcess Spitz or that the surrounding cells are more sen-
3A and 3A). pten1 clones were also examined in larvalsitive to Spitz activity.
eye discs which were stained with Bar antibodies. Strik-
ingly, pten1 clones phenocopy tsc1 clones, in that cells
lacking PTEN precociously differentiate several rowstsc1 Regulates Photoreceptor Differentiation
Downstream of MAPK ahead of wild-type cells (Figures 3C and 3C). In addition,
ommatidia within clones initiate rotation before wild-To determine if loss of TSC1 leads to increased secretion
of Spitz in the R8 cell or to heightened activation of the type cells and hence overrotate (Figure 3C). Overexpres-
sion of Dp110 (the catalytic subunit of PI3K) mimicsRAS/MAPK pathway in surrounding cells, we monitored
EGFR activity levels in tsc1 loss-of-function clones. Acti- activation of the InR pathway (Leevers et al., 1996) and
also leads to early Bar expression (Figure 3D), confirm-vation of the EGFR pathway can be assayed by staining
with antibodies specific for the active form of MAPK, ing that activation of the InR pathway leads to preco-
cious differentiation. Loss of PTEN or overexpressiondual phosphorylated ERK (dpERK). Surprisingly, we
found that levels of dpERK were unaltered in tsc1/ of Dp110 also appears to result in more pronounced
precocious differentiation than in clones lacking TSC1clones (Figure 2G). This finding implies that the R8 cell
secretes normal amounts of Spitz and that activation of (compare Figure 2B to Figures 3C and 3D); this may be
because PTEN (and therefore PI3K) can regulate growththe MAPK pathway in recruited cells is unaltered as far
as the phosphorylation of ERK. Therefore, loss of TSC1 through pathways that bypass the TSC complex (Gao
Insulin Signaling Controls Developmental Timing
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Figure 3. Activation of the Insulin/Tor Pathway Leads to Rotation Defects and Precocious Differentiation While Loss of Signaling Severely
Delays Differentiation
(A and A) pten1 clones in adult eyes (marked by loss of pigment) produce large cells and misrotated ommatidia.
(B and B) Dp110A clones in the adult eye have very small ommatidia with rotation defects.
(C and C) pten1 clones (marked by loss of GFP) in the eye imaginal disc result in expression of Bar (red) ahead of the normal differentiation
front (white dotted line in [C]).
(D and D) Overexpression of Dp110 (marked by expression of GFP) using the Flp-out/Gal4 system produces enlarged cells with rotation
defects. Overexpression also induces precocious differentiation, as Bar expression (red) is seen several rows ahead of the normal differentiation
front (white dotted line in [D]).
(E and E) Dp110A clones in the eye disc result in a delay of expression of Bar (red) within the clone (marked by loss of GFP).
(F and F) InR304 clones (in a Minute heterozygous background) cause weak delays in the expression of Elav (blue, [F]) and strong delays in
the expression of Prospero (red, [F] and [F]).
(G and G) Rheb2D1 clones (in a Minute heterozygous background) result in severe delays in the expression of Prospero (red). Elav is also
shown in blue.
(H and H) S6KL-1 clones cause a slight delay in the expression of Prospero (red). Loss-of-function clones in (C), (E), (F), and (G) are marked
by loss of GFP (green) or loss of –Galactosidase (green, [H]). Anterior is to the left in all panels.
and Pan, 2001) and hence have stronger growth-pro- Experimental Procedures). Consistent with a role for
insulin signaling in the timing of differentiation, we ob-moting effects.
To determine if the loss of insulin signaling can also served a strong delay in differentiation of Prospero-
expressing cells in InR/ clones (Figure 3F).perturb the timing of PR differentiation, we examined
the consequences of loss of PI3K by removing Dp110 TSC is also an upstream component of the Tor path-
way, which integrates information about amino acid andin clones. Mutant PRs within Dp110A clones in adult
eyes are very small compared to wild-type cells, and nutrient levels to regulate growth (Figure 1G). Rheb is a
small GTPase that acts immediately downstream of TSCommatidia are formed correctly, but misrotate (Figure
3B). In the eye imaginal disc, Dp110A clones were again (Garami et al., 2003; Inoki et al., 2003; Stocker et al.,
2003; Tee et al., 2003; Zhang et al., 2003) in the InR/small, but, importantly, Bar staining was lost in clones
close to the differentiation front (Figure 3E). Therefore, Tor pathway. Strikingly, in rheb loss-of-function clones,
Prospero (Figure 3G) and Bar (data not shown), expres-loss of the positive regulation of growth by PI3K results
in a delay in neuronal differentiation. sion is delayed by several rows (Figure 3G). Loss-of-
function clones of both Tor and S6 kinase, which arePI3K is a downstream mediator of many growth factor
receptors, not simply the InR (Rodriguez-Viciana et al., downstream of rheb, also delay differentiation: Bar ex-
pression is clearly delayed in clones of Tor (Supplemen-1994). To determine if changes in the timing of differenti-
ation are due to alterations in InR signaling, rather than tal Figure S2A on the Cell website), while a weak delay
in the expression of Prospero is seen in S6 kinase/to signaling through other receptors, we made large InR
loss-of-function clones using the Minute technique (see clones (Figure 3H), consistent with the relatively weak
Cell
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growth phenotype of this mutant (compare size of clones (Figure 4F). Strikingly, the CTO forms only in the appro-
priate position, despite ubiquitous overexpression ofin Supplemental Figure S2A and Figure 3H) or the possi-
ble redundancy with the second Drosophila S6 kinase Dp110, again highlighting the fact that overactivation of
the InR pathway does not alter cell fate decisions but(S6 kinase II; Wassarman et al., 1994). In summary, these
data show that signaling through the InR/Tor pathway affects their timing. Together, these data demonstrate
that the ability of InR/Tor pathway to induce precociousregulates the timing of differentiation.
differentiation is not restricted to the eye.
Not all cells display precocious differentiation uponCell Size Does Not Affect the Timing
loss of tsc1. Analysis of prehair formation in pupal wingsof Differentiation
failed to show any difference in timing of differentiationThe final outcome of increased signaling through the
in tsc1 clones (Supplemental Figure S3 on the Cell web-InR/Tor pathway is an increase in cell mass, due to
site), even though cell size was obviously increased.increased ribosome biosynthesis and protein synthesis.
This analysis suggests that the InR/Tor pathway mayOne possible explanation for the precocious differentia-
be particularly important in the temporal control of neu-tion we observed in cases of increased InR signaling
ronal differentiation.might be that differentiation is triggered by a threshold
size or mass. To address this possibility, we examined
cells overexpressing cyclin D/CDK4, which increases Discussion
growth and cell size in the eye (Datar et al., 2000) through
a pathway that is independent of InR signaling. Overex- We have shown here that InR/Tor signaling has a novel
pression of cyclin D/CDK4 in clones using the flp-out/ role in controlling the timing of differentiation. In both
Gal4 technique produced larger cells, equivalent in size loss-of-function and ectopic expression experiments,
to cells that had lost tsc1 (compare Figures 2B and 4A; we find that activation of the InR/Tor pathway leads to
see also Supplemental Figure S2B on the Cell website). the precocious acquisition of neuronal cell fate, while
Importantly, these large cells show no evidence of pre- loss of signaling through this pathway delays (but does
cocious expression of Bar (Figure 4A″) or Elav (data not not block) differentiation. Importantly, we find that InR
shown). Indeed, Bar expression even appears slightly and Tor signaling does not alter cell fates, only the time
decreased at the differentiation front in cells overex- at which these cell fate decisions are made. This charac-
pressing cyclin D/CDK4, despite the marked increase teristic is important to a temporal control mechanism
in cell size. Increasing cell size via overexpression of and ensures that only timing is regulated and not the
myc (Johnston et al., 1999), which is also independent actual cell fate decision.
of InR signaling (Prober and Edgar, 2002), also fails to We isolated mutants in tsc1 in a screen for genes that
alter developmental timing (Figure 4B). Therefore, in- affect adhesion and PCP. Loss of tsc1 causes defects
creased cell mass does not lead to precocious differenti- in ommatidial rotation due to precocious differentiation
ation. Loss of TSC1 has been previously shown to in- which is accompanied by the precocious initiation of
crease cyclin E (Tapon et al., 2001), but we found that rotation and hence ommatidial overrotation. Although
ectopic expression of cyclin E does not lead to preco- cell fate is not affected by perturbations in InR/Tor sig-
cious differentiation (data not shown). Together, these naling, developmental timing and tissue patterning are
data suggest that InR/Tor signaling controls the timing aberrant. Therefore, the precise control of timing of dif-
of differentiation decisions independently from the regu- ferentiation is essential for correct formation of complex
lation of cell cycle and cell size. tissues such as the Drosophila compound eye. Our data
show that the action of InR/Tor pathway on differentia-
tion allows fine-tuning of binary switching mechanismsThe Role of InR/Tor Signaling in Regulating
the Timing of Differentiation such as EGF signaling. This novel mechanism allows
the organism to use humoral signals such as insulin-likeIs Not Restricted to the Eye
To determine whether TSC1 controls the timing of differ- molecules to temporally regulate differentiation. Under
conditions of nutrient deprivation when growth rateentiation in other tissues, we examined expression of
Elav to mark differentiation of chordotonal organs (CTO) slows (Britton and Edgar, 1998), it is essential that differ-
entiation keep pace with growth to maintain accuratein the leg imaginal disc. CTOs are peripheral nervous
system sensory organs that start differentiating as a patterning. The use of the InR/Tor pathway to control
both growth (Britton et al., 2002) and the timing of differ-cluster of approximately twenty cells in the leg disc 1
hr after pupariation (Figures 4C and 4D; Jan et al., entiation (this study) is an elegant solution to this chal-
lenge during development.1985). In wild-type third-instar leg imaginal discs, Elav
is not detectable in the presumptive CTO (Figure 4C, We find that the pattern of MAPK activation is unaf-
fected by loss of tsc1. The EGF ligand, Spitz, is secretedarrow). One hour after pupariation, when the disc pouch
moves distally and begins to evaginate, only faint Elav by the R8 photoreceptor and diffuses to nearby cells,
causing their recruitment and differentiation by activat-staining can be seen in the CTO from wild-type animals
(Figure 4D, arrow). Significantly, in third-instar larval tsc1 ing the RAS/MAPK pathway. Our data indicate that Spitz
production in the R8 photoreceptor is unaffected by lossclones encompassing part of the presumptive CTO,
strong Elav staining is seen within the clone approxi- of tsc1, as is the transduction of the EGFR signal as far
as the activation of MAPK in the recruited photorecep-mately 6 hr before the staining would normally be ex-
pressed (Figures 4E and 4E, white arrows). Overactivat- tors. In addition, we have examined the expression of
regulators of photoreceptor differentiation downstreaming InR signaling by overexpressing Dp110 throughout
the leg disc also induces precocious CTO differentiation of MAPK (such as Lozenge, Yan, and Ttk,) and find no
Insulin Signaling Controls Developmental Timing
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Figure 4. Precocious Differentiation by InR/Tor Signaling Is Independent of Increases in Cell Size and Is Not Restricted to the Eye
(A, A, and A″) Ectopic expression of cyclinD/Cdk4 (marked by GFP expression) increases PR cell size (as seen by Elav staining in blue) but
does not cause precocious expression of Bar (red/pink). Overexpression of myc (marked by GFP) also produces large cells (B, B, and B″)
(seen by Elav staining in blue); however, there is no alteration in the Bar-expressing differentiation front (marked by white line in [B″]).
(C and C) Wild-type third-instar larval leg discs have no expression of Elav (red) in the presumptive (CTO) chordotonal region (arrow).
(D and D) Expression of Elav in the CTO (arrow) is first obvious in wild-type in the pre-pupal disc.
(E and E) Loss of TSC1 in clones (marked by loss of GFP) induces precocious expression of Elav in the larval CTO (white arrows). Note that
loss of TSC1 does not induce Elav expression in cells that would not normally express Elav (yellow arrows).
(F) Increasing InR signaling by ubiquitous expression of Dp110 also induces CTO differentiation (arrow) in larval leg discs only in cells that
would normally become CTOs.
(G) Model of how growth and differentiation are integrated by the InR/Tor pathway downstream of known signaling elements but independent
of size control (see text for details).
(C) and (D) adapted from Jan et al., 1985. Copyright 1985 by the Society for Neuroscience.
alteration in their levels or distribution in tsc1 mutant Studies of birth order-dependent cell fate specifica-
tion in the Drosophila CNS have revealed that neuro-clones. Therefore, the temporal control of differentiation
by InR/Tor signaling acts downstream (or in parallel) to blasts express a series of transcription factors in a set
sequence (Isshiki et al., 2001), and both overexpressionknown components of photoreceptor differentiation.
Cell
94
and loss-of-function studies have demonstrated that would allow for the precise coordination of growth and
transcription factors present at the birth of neuroblasts differentiation needed during the development of com-
are necessary and sufficient to direct differential cell plex neural structures. Supporting this model is our find-
lineages that are linked to different birth dates. Progres- ing that none of the InR/Tor signaling mutants we have
sion through the cell cycle is required for the temporal tested gives rise to ectopic differentiation of neurones.
transition of these transcription factors. Although loss We only observe alterations in the timing of differentia-
of tsc1 has been shown to lead to an acceleration tion, at the correct location, in both the eye and leg
through G1 (Tapon et al., 2001), we found that alteration imaginal discs. This observation is consistent with a
of the cell cycle by overexpression of cyclin E (data not mechanism involving translational regulation (via a
shown) or cyclin D/CDK4 does not induce precocious 5TOP) of hypothetical proneural factor(s), i.e., modula-
differentiation. Therefore, precocious differentiation tion of the level of such factors(s) can only occur once
cannot be simply due to the alterations in the cell cycle. the proneural transcript is already present. A corollary
Another hallmark of tsc1 mutant cells is increased cell of this model is that InR/Tor signaling would act to mod-
size. However, we found that increasing cell size by ulate the gap between transcription and translation of
overexpressing cyclin D/CDK4 or by overexpression of the hypothetical factor(s). The importance of the gap
myc did not induce precocious differentiation, indicating length between transcription and translation has re-
that although cell size is increased in cases of overactive cently been demonstrated for Notch signaling in the
InR/Tor signaling, it is not an increase in cell mass that presomitic mesoderm during somite formation (Lewis,
triggers premature differentiation. Moreover, compen- 2003).
sating for the decreases in overall cellular growth rate Interestingly, a hallmark of the tumors that arise from
caused by loss of InR signaling in clones by making loss of TSC1 is that they are highly differentiated and
clones in a Minute heterozygous background does not largely benign (Sparagana and Roach, 2000). This char-
affect the slowing of differentiation caused by loss of the acteristic is in contrast to tumors, which are malignant,
InR, confirming that InR/Tor signaling regulates timing of arising from loss of PTEN. This malignancy may be due
differentiation by a mechanism that is independent of to the role of PTEN in many other pathways aside from
and genetically separable from its effects on growth. growth signaling, while TSC1 has a more restricted func-
Importantly, we find that the InR/Tor pathway controls tion in the growth control pathway. The precocious dif-
the timing of neuronal cell fate decisions in the eye and ferentiation induced by loss of TSC1 may contribute to
leg but does not appear to affect the timing of epithelial their low malignancy, as high levels of differentiation are
prehair initiation. The temporal control of differentiation generally considered an indication of low metastatic
by the InR/Tor pathway may be especially important for potential. However, the exact causes of some of the
neurons since their axons must contact targets that are most debilitating symptoms of tuberous sclerosis, such
often far away. During normal development of the em- as neurological abnormalities and epilepsy, are still un-
bryonic CNS, pioneer neurons are the first to differenti- clear. Future work will determine if precocious and
ate (Campos-Ortega and Hartenstein, 1997) and provide hence inappropriate differentiation decisions contribute
spatial cues for later-born neurons. If pioneer neurons to the pathology of tuberous sclerosis in man.
are absent, targeting defects can occur. Tight temporal
control of differentiation ensures that neurons are born Experimental Procedures
in an environment that has the correct spatial cues for
pathfinding. Intriguingly, disrupting insulin signaling re- To generate loss-of-function clones using the hs-flp/FRT system,
48- to 72-hr-old larvae were heat-shocked for 1–2 hr at 37C. Eye-sults in defects in axonal targeting from the eye to the
specific clones were generated using the ey-flp technique as pre-brain in Drosophila (Song et al., 2003). Our data suggest
viously described (Newsome et al., 2000). Overexpression clonesthat these results may in part be due to precocious
were generated using the flp-out Gal4 technique (Neufeld et al.,differentiation of the neurons.
1998), in which 48- to 60-hr-old larvae were heat-shocked for 2.5
What is the mechanism by which InR/Tor signaling hr at 37C. Adult eye sections were prepared as previously described
controls the timing of differentiation? Regulation of (Yang et al., 1999). Third-instar eye and leg and prepupal leg imaginal
growth by InR/Tor signaling is mediated through transla- discs were fixed in PBSA/4% formaldehyde (EMS scientific) for 45
min, washed in PBSA/0.1% TritonX100 (Sigma), and incubated over-tional control. This control is achieved though phosphor-
night with primary antibody. Primary antibodies were used as fol-ylation of S6 kinase (which phosphorylates the ribo-
lows: mouse and rabbit anti-GFP (Molecular Probes, 1:1000), rabbitsomal protein S6) and 4E binding protein, an inhibitor of
anti--galactosidase (Promega, 1:1000), rat anti-Elav (DHSB,the translational initiation factor 4E (reviewed in Leevers
1:1000), rabbit anti-Bar (a gift from Dr. Saigo, 1:200), mouse anti-
and Hafen [2004]). Ribosomal proteins and many protein Prosp (DHSB, 1:10), guinea pig anti-Senseless (a gift from H. Bellen,
synthesis elongation factors contain 5 oligopyrimidine 1:1000), rabbit anti-Boss (a gift from Helmut Kramer, 1:100), mouse
tracts at their transcriptional start site, known as 5TOPs anti-Tramtrack (a gift from Rich Carthew, 1:500), rabbit anti-Jun (a
gift from Dirk Bohmann, preabsorbed and used at 1:450), mouse(Meyuhas and Hornstein, 2000). Translation of 5TOP-
anti-Lozenge (DHSB, 1:25), and mouse anti-Yan (a gift from Ilaryacontaining transcripts is increased in response to PI3K/
Rebay, 1:200). After staining, discs were mounted in VectashieldTor signaling (Pende et al., 2004; Stolovich et al., 2002),
(Vector Labs) and analyzed with a Zeiss confocal microscope.thereby allowing coordinate expression of all ribosomal
components. A model that is consistent with our data
Drosophila Strainsis that there is a 5TOP present in the mRNA of an
The TSC1 allele tsc1L115R was generated in our screen (Fanto et
unknown proneural factor(s) that undergo increased al., 2003) and contains a single missense mutation (L115R) in the
translation in response to InR/Tor signaling (Figure 4G). hydrophobic C-terminal domain of the protein, which is presumed
This increased translation would lead to higher levels of to result in severe structural perturbations, as the phenotype of
tsc1L115R is similar to that of the tsc1 null mutant tsc1Q87X (Tapon et al.,proneural factors, speeding neural differentiation, which
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2001). PTEN, Dp110, UASDp110, UAScyclinD/CDK4, and UASMyc antagonize insulin signaling in cell growth. Genes Dev. 15, 1383–
1392.stocks were kindly provided by Sally Leevers. tsc1Q87X was from Nic
Tapon. InR, Rheb, and S6 kinase mutants were kindly provided by Garami, A., Zwartkruis, F.J., Nobukuni, T., Joaquin, M., Roccio, M.,
Ernst Hafen, and the Tor mutant (7014) was from The Bloomington Stocker, H., Kozma, S.C., Hafen, E., Bos, J.L., and Thomas, G. (2003).
Stock Center. To generate flp-out clones the y w hs-flp; ActCD2 Insulin activation of Rheb, a mediator of mTOR/S6K/4E-BP signal-
Gal4 UAS-GFP stock was used. Genotypes for generating clones ing, is inhibited by TSC1 and 2. Mol. Cell 11, 1457–1466.
were as follows: Gomez, M.R., Sampson, J.R., and Whittemore, V.H. (1999). Tuberous
TSC1 mutant clones: y w ey-flp; tsc1L115R FRT82B/FRT82B, w for Sclerosis, Third Edition (Oxford: Oxford University Press).
adult eyes; y w hs-flp; tsc1L115R/Q87X FRT82B/FRT82B, Ubi-GFP for
Higashijima, S., Kojima, T., Michiue, T., Ishimaru, S., Emori, Y., andimaginal discs.
Saigo, K. (1992). Dual Bar homeo box genes of Drosophila requiredPTEN mutant clones: y w ey-flp; pten1 FRT40/FRT40, w for adult
in two photoreceptor cells, R1 and R6, and primary pigment cellseyes; y w hs-flp; pten1 FRT40/FRT40, Ubi-GFP for imaginal discs.
for normal eye development. Genes Dev. 6, 50–60.Dp110 mutant clones: y w ey-flp; p[gH] 82BFRT, Dp110A/82FRT, w
Inoki, K., Li, Y., Xu, T., and Guan, K.L. (2003). Rheb GTPase is afor adult eyes; y w hs-flp; p[gH]82BFRT, Dp110A/82FRT, Ubi-GFP
direct target of TSC2 GAP activity and regulates mTOR signaling.for imaginal discs.
Genes Dev. 17, 1829–1834.InR clones: y w hs-flp; FRT82, InR304/82FRT, Ubi-GFP, M[95A] Rps63.
Rheb clones: y w hs-flp; Rheb2D1, FRT82/82FRT, Ubi-GFP, M[95A] Isshiki, T., Pearson, B., Holbrook, S., and Doe, C.Q. (2001). Drosoph-
Rps63. ila neuroblasts sequentially express transcription factors which
Tor clones: y w hs-flp; TorD FRT40A/FRT40, Ubi-GFP. specify the temporal identity of their neuronal progeny. Cell 106,
S6 kinase clones: y w hs-flp; S6KL-1, FRT80B/armlacZ, FRT80B. 511–521.
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